Abstract: Objectives: Identification of coding region polymorphisms in addition to hypervariable regions of different populations is helpful to increase the value of mitochondrial DNA (mtDNA) polymorphic data in forensic genetics. Methods: Haplotype frequencies of MTCOI and MTCYB sequences were determined in 565 individuals of eight population groups living in Taiwan, including Taiwanese Han, indigenous Taiwanese of Taiwan Island, Tao of Orchid Island, mainland Chinese, Filipinos, Thais, Vietnamese, and Caucasian. Results: There were 125 and 138 polymorphic sites with 128 and 139 substitutions formed in MTCOI and MTCYB, respectively. Sequence positions with high heterogeneity were observed. Among the 565 subjects, 222 different hyplotypes were observed for combination of MTCOI and MTCYB sequences, and 158 haplotypes were noted only once. The sequence of MTCYB was more polymorphic than which of MTCOI. The forensic parameters were calculated and a relatively high random match probability in the Tao population was noted. Population-specific polymorphisms were found is the Tao and Caucasian groups. Conclusions: The MTCOI and MTCYB sequences are polymorphic and population specific sequence polymorphisms have been found in these regions. These polymorphisms may be valuable in individual identification of forensic casework, population haplogrouping, and ethno-geographical sub-classification.
order to determine the relative rarity of a particular case. Because of the haploid maternal inheritance of mtDNA and most mtDNA types are very rare, extending the mtDNA typing database can augment the forensic power of mtDNA evidence [5] . Assessing variations occurring in the coding region can provide additional genotyping information and improve forensic discrimination [6, 7] .
The cytochrome c oxidase I gene (MTCOI) and cytochrome b gene (MTCYB) within the coding region of mtDNA have been found to be polymorphic and have been used in species identification and taxonomic studies [8, 9] . The polymorphisms of MTCYB in human have been suggested to be an additional individual identification marker and the polymorphisms of different population groups have been presented [10, 11] . Nevertheless, only limited data on polymorphisms of the MTCOI in human populations have been described [12] .
The population in Taiwan is heterogeneous and comprises two major groups: a Han population (about 22,500,000, 97.8%) and an indigenous population (about 510,000, 2.2%) [13] . The indigenous population consists of 13 tribes living mainly in the mountainous region of Taiwan proper, and a specific tribe (Tao) living on Orchid Island [14] . The Taiwanese Han population includes the descendants of individuals who migrated from southeastern mainland China from 1600s to the early 1900s, and a large scale migration from all areas in China in 1949. There are also populations from other countries throughout the world living or working in Taiwan presently (about 820,000) [15] .
The aim of this study was to present the sequence variations of the MTCOI and MTCYB among different population groups living in Taiwan, and to evaluate the possible usefulness of these sequence polymorphisms in forensic genetics. The genetic distances between these populations were also estimated and a multi-dimensional scaling (MDS) plot of these population groups was established.
Materials and methods
This retrospective study was approved by the Ethics Committee of the Institution in accordance with the World Medical Association Declaration of Helsinki. A total of 565 DNA samples from apparently healthy and unrelated individuals living in Taiwan were analyzed. These samples were obtained from 120 Taiwanese Han (TWH), 148 indigenous Taiwanese of Taiwan Island (TWI), 53 Orchid Islanders (TAO), 56 mainland Chinese(CHI), 55 Filipinos (FIL), 51 Thais (THA), 51 Vietnamese (VIE), and 31 Caucasian (CAU). The Caucasian subjects were individuals with European, Near Eastern or South Asian ancestry from United States of America (9), United Kingdom (3), France (3), Brazil (3), Germany (2), Australia (2), New Zealand (2), India (2), Peru (2), the Netherlands (1), Nicaragua (1), and Syria (1).
The blood samples and buccal swab samples were obtained from volunteer donors between 1993 and 2007. Standard methods of phenol-chloroform isoamyl alcohol extraction were used for DNA extraction from peripheral whole blood samples, and the QIAamp DNA Mini kit (Qiagene, Valencia, CA, USA) was used for DNA extraction from buccal cells.
For each DNA sample, sequencing of MTCOI and MTCYB was performed. The primer pairs for PCR amplification of MTCOI and MTCYB are listed in Table 1 . Some primer pairs have been described previously and the others were designed by the authors [8, 16, 17] . The primers were numbered according to the revised Cambridge reference human mtDNA sequence (rCRS) [18, 19] . The PCR amplification and cycle sequencing of PCR products of MTCYB were described in our previous report [11] . PCR amplification of COI was performed in 50 µl of reaction mixture, which contained 25 ng genomic DNA, reaction buffer (10 mM 
Results
The sizes of the PCR products were about 1694bp for MTCOI, and 1190bp for MTCYB in all samples, and were confirmed by DNA sequence analysis. Of these products, the MTCOI comprised about 1542bp (nt 5904-7445), and the MTCYB comprised approximately 1141bp (nt 14747-15887), excluding the primer sequences. The 1542bp fragment of the MTCOI and 1141bp fragment of the MTCYB, and the combination of the two sequences as a haplotype were analyzed for forensic parameters.
The sequence variation from the rCRS is shown in supplementary Table S1 . Only 6 samples of the Caucasian group carried the same sequence as the rCRS at nt 5904 to 7445 (MTCOI) in this study. None of these 565 samples were the same as the rCRS at nt14747 to 15887 (MTCYB). There were 125 and 138 polymorphic sites with 128 and 139 substitutions found in MTCOI and MTCYB, respectively. Deletion or insertion was not found in these samples. There were totally 3742 occurrences of nucleotide substitution observed. The positions with heterogeneity rate between 45-55% include nt14783 (45.13%), nt15043 (45.31%), and nt15301 (49.20%).
Heteroplasmy was observed in three samples. The distributions of varied sequences of MTCOI and MTCYB from the rCRS were from 0 to 8 positions (average of 2.4) and from 1 to 10 positions (average of 4.2), respectively. The 565 analyzed samples presented a total of 263 positions that varied from the rCRS with a total of 222 haplotypes. Among these 222 haplotypes,158 haplotypes were noted only once. The most common haplotype was shared by 31 individuals of 6 Asian population groups. Table 2 presents the gene diversity, nucleotide diversity, random match probability, and discrimination power based on MTCOI, MTCYB and the combination of both sequences as haplotypes in these population groups. The overall discrimination power for MTCOI, MTCYB, and the combination of both sequences was 0.9149, 0.9385, and 0.9830, respectively. The random match probability with combinations of both sequences in the eight population groups were from 0.0253 (TWH) to 0.1712 (TAO). Eighty one percent (103/128) variations of MTCOI and 64.0% (89/139) variations of MTCYB found are synonymous single nucleotide polymorphisms. The most frequent polymorphisms were nt7028 C→T, nt14766 C→T, and nt15326 A→G, which occurred in 98.8%, 95.2% and 99.6% of our subjects, respectively. Table 3 demonstrates the population specific sequence variations identified in this study. For the MTCOI gene, nt6131A→G was specific to the Tao, and nt6473C→T was specific to the Caucasian, respectively. The nt7028C→T was found in 77.4% of Caucasians and 100% of the Asian in this study. For the MTCYB gene, nt15777G→A was specific to the Tao, and the nt14798T→C was specific to Caucasian group (Table 3) . Table 4 presents the pair-wise Fst between these eight population groups based on the combination of MTCOI and MTCYB sequences as haplotypes. Figure 1 demonstrates the MDS plot constructed according to Reynolds' genetic distances based on the combination of both gene sequences as haplotypes.
This figure shows that Taiwanese Han is in the middle of the plot and is surrounded by indigenous Taiwanese, Filipinos, Thais, Vietnamese, and mainland Chinese.
Discussion
Analysis of sequence polymorphism of mtDNA HV1 and HV2 regions is an important tool for forensic individual identification. However, some haplotypes defined by HV1 and HV2 may shared by many people in a population. Additional polymorphisms are required for further differentiation. Furthermore, the features of mtDNA phylogeny, some basal lineages, and peripheral refinement of the East and Southeast Asia populations are still incomplete [7, 10] . Table 2 . The gene diversity, nucleotide diversity and discrimination power noted in these populations Assessment of sequence variations in mtDNA coding region is essential not only for individual characterization, but also for further determination of mtDNA haplogroup lineages of Asian populations [6, 7, 10] . In this study, 263 polymorphic sites with 267 kinds of sequence substitutions were found in eight population groups living in Taiwan. We did not find any hypervariable region within these two genes, because MTCOI and MTCYB are coding regions without introns [6] . Neither deletion nor insertion was observed in two regions. The frame-shifting mutation in these two coding regions would induce severe consequences, which would not occur in grossly health individuals. There were polymorphic positions (14783, 15043, 15301) with high heterogeneity, which can serve as single nucleotide polymorphism (SNP) sites for individual identification [7] . The nt14783 and nt15043 have been used to define haplogroup M [27] . However, the high combined occurrance rate (94.0%, 252/268) of nt14783, nt15043 and nt15301 variants may preclude the use of these three polymorphic sites simultaneously in a SNPs panel for individual characterization.
According to the gene diversity and nucleotide diversity, the MTCYB was more polymorphic than MTCOI, even the MTCYB is shorter than MTCOI. Therefore, the discrimination power of MTCYB was higher than that of the MTCOI in most of population groups. The relatively low gene diversity and a relatively high random match probability were observed in Tao population. This finding is consistent with the isolated small population of Tao with possible genetic drift. The relatively high random match probability in Tao group alerts us to interpret the results of mtDNA sequence analysis of forensic casework involving this population conservatively [28] . The population mtDNA database is very important in different population groups, a match within a small population may be not conclusive [28] . Most of the sequences variations of both genes were synonymous polymorphisms, without changes of amino acid of the translation products. For the variants with consequence amino acid changes, previous reports suggested that the majority of the non-synonymous single nucleotide polymorphisms found in this study can also be taken as polymorphisms without clinical significance [11, 29, 30] . The most common variations, including nt7058C→T, nt14766C→T, and nt15326A→G were found to be without functional disturbances [30] [31] [32] .
However, the nt15257 G→A substitution found in one of our cases has been reported to be associated with Leber's hereditary optic neuropathy, and the nt15497 G→A noted in two of our subjects has been reported to be related to paracrystalline inclusions with exercise intolerance [30] . The pathogenic role of mutation G15497A is still controversial [30, 33] .
There were some population -specific polymorphisms and some variants with different frequency distribution between population groups observed in this study. The nt6131A→G as well as nt15777G→A were specific to Tao, and the nt6473C→T as well as the nt14798T→C were specific to Caucasian group [11, 18] . Neither of these substitutions has been found in cases of other populations [10] . These variations may serve as SNP markers for specific population groups after further evaluation. The variations with different frequencies between population groups may also be taken as markers which can be statistically combined for population differentiation. In addition, multiplex mtDNA coding region SNP assays may be developed according to these results for molecular dissection of haplogroups [34] .
The pairwise Fst value represents the ethno-geographical distance between each pair of groups. The genetic distance between Taiwanese Han (TWH) and mainland Chinese (CHI) was non-significant. This result is consistent with the migration history of the Han population from mainland China to Taiwan. Figure 1 demonstrates a clear matrilineal genetic sub-structure in this area, with Taiwanese Han almost in the middle of these peripheral population groups. The outlying Caucasian population reveals the long genetic distance between Caucasian and Asian populations. The relatively long distances between Tao and other Asian population groups illustrate the geographical and genetic isolation of this tribe in Orchid Island. The distribution of these population groups on the MDS plot is similar to the illustrated figures based on X-STR markers of this area [35] .
In conclusion, population specific polymorphisms were noted in sequences of MTCOI and MTCYB. Analysis of the sequences of MTCOI and MTCYB provide informative data for further characterization of individual haplogroups in addition to control region for forensic casework and sub-classification of matrilineal ethnic groups. 
